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ABSTRACT
Mountain Chickadees {Parus gainbelî) were collected from mountain ranges of the 
Great Basin and surrounding areas. Restriction endonuclease digestion o f their 
mitochondrial DNA revealed two highly distinct haplotypes. One o f these occurred in 
the Great Basin and extended eastward into Arizona and the Rocky Mountains o f Utah. 
The other occurred in locations west of the Great Basin, including the Sierra-Nevada 
Mountains and southern California. Patterns of divergence were not wholly consistent 
with the subspecific taxonomy. The magnitude of genetic differentiation between 
haplotypes was larger than what is commonly reported for avian populations. The 
geographic partitioning o f haplotypes may be a  result o f the topography of the western 
United Stales and is supportive o f models o f paleobiogeograf^y in the Great Basin.
I l l
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INTRODUCTION
Background and Project Description
The subject o f the research described herein is the phylogeography of the Mountain 
Chickadee {Parus gambeli). Intraspecific phylogeography is a relatively new field of 
science and is based on the idea that a species is composed of multiple geographic 
populations, each of which occupies a unique position on an intraspecific phylogenetic 
tree (Avise et al. 1987). Patterns o f population structure are determined by the life 
history characteristics of the species and by the multitude o f processes, both current and 
historical, that cause populations to diverge from one another. Thus, phylogeography 
ties together several disciplines, including ecology, evolution, geography, geology, 
behavior, physiology, and genetics.
Intraspecific phylogeographic hypotheses are best tested through the analysis of 
DNA, thus far usually by using mitochondrial DNA (mtDNA). Current techniques in 
molecular biology make the identification of mtDNA variability among populations a 
reasonably easy task. The magnitude and pattern o f differentiation among mtDNA 
haplotypes (variant mtDNA molecules defined by base-pair substitutions), and the 
m anner in which they are geographically distributed, can be used to answer a  host of 
questions regarding the population structure and evolutionary history of a species (Avise 
1989).
Birds are a particularly fascinating group for this type o f study because so much is 
known about them at the organismal level. Human interest in birds dates back 
thousands o f years. Prior to the eighteenth century, birds’ role in human society was 
primarily a  cultural one, as subjects o f art, literature, music, and folklore. In the 
eighteenth and nineteenth centuries, there was a rapid growth in observational and
1
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descriptive ornithology (Brooke and Birkhead 1991, Gill 1990). Today, many people 
still enjoy birds, but ornithology has developed fully into an experimentally based, 
hypothesis-testing science. Studies of birds have made significant contributions to the 
fields of systematics, community ecology, and animal behavior (Welty and Baptista 
1988). Currently there are relatively few studies of avian phylogeography, but the 
num ber is growing rapidly. New sets of questions can be addressed with 
phylogeographic analyses that will deepen the understanding and appreciation o f this 
unique class o f vertebrates.
This thesis involves research into the phylogeography o f the Mountain Chickadee in 
the Great Basin. Specimens were collected from five isolated mountain ranges in the 
Great Basin and from the Sierra-Nevada and Rocky Mountains. The goals of this 
research are to determine the extent of mtDNA divergence of chickadee populations in 
this region, to determine whether the observed mtDNA haplotypes exhibit a pattern that 
can be used to infer aspects of historical population structure, and to describe the 
phylogenetic affinities o f the Great Basin populations to their potential source pools in 
the Sierra-Nevada and Rocky Mountains. The attainment o f these goals should provide 
new information on the historical ecology of the species and broaden the understanding 
o f  G reat Basin biogeography.
The Mountain Chickadee
The Mountain Chickadee {Parus gambeli) belongs to the order Passeriformes, family 
Paridae. The genus Parus is composed solely of species o f chickadees and titmice.
The genus contains 47 species and spans four continents: Europe, Asia, Africa, and 
North America (Welty and Baptista 1988). In North America, two subgenera are 
recognized, Poecile and Baeolophus, with chickadees belonging to the former and 
crested titmice to the latter (Dixon 1961).
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The Mountain Chickadee is one o f seven species of chickadees found in the United 
States. As a group, chickadees are geographically widespread and generally quite 
abundant in coniferous or deciduous habitats. These characteristics, along with the ease 
with which they are identified in the field and their favor among naturalists, have made 
them one o f the most well understood groups in terms of behavior and ecology (Gill 
el al. 1993). Nevertheless, the exact relationship of the Mountain Chickadee to its 
congeners is unclear. It has been suggested that the Mountain Chickadee and the 
Mexican Chickadee (P. sclateri) constitute a superspecies, closely related to another 
superspecies consisting of the Black-capped and Carolina Chickadees (P. atricapillus 
and P. carolinensis) (A.O.U. 1983). However, newer evidence, based on mtDNA, 
suggests that P . gambeli and P. atricapillus are sister species (Gill et al. 1993).
The range o f the Mountain Chickadee is extensive over western North America 
(Figure I',. The species extends north to British Columbia, Alberta, and central 
Montana; east to central Montana, Wyoming, Colorado, New Mexico, and western 
Texas; south to western Texas, southern New Mexico and Arizona, and northern Baja 
California; and west to northern Baja, central California Oregon, Washington, and 
British Columbia (Bent 1964). The Mountain Chickadee is the only member o f the 
subgenus Poecile present in much of the southwestern United States (Dixon 1961).
The life history and ecology of the Mountain Chickadee is similar to that o f other 
parids. In geographic areas where it occurs sympatrically with other members of the 
genus, the Mountain Chickadee shows at least a  moderate amount o f écologie isolation 
by inhabiting higher altitudinal belts than are preferred by other species (Dixon 1961).
In the spring and summer. Mountain Chickadees are typically abundant in montane 
coniferous forests where they nest in cavities o f spruce, fir, and pine trees and glean the 
bark for insects, their primary food source. Potential vegetation and elevation have been 
shown to be important parameters in determining the distributional bouridaries o f the 
species (Root 1988). There is no fall migration to warmer latitudes, although some
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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individuals will descend to lower altitudes in the fall and winter, where they can be 
found in pinyon-juniper, pine-oak, and riparian woodlands (A.O.U. 1983). Their 
preference for forest habitat and their sedentary lifestyle mean that, in the Great Basin, 
Mountain Chickadees exist as distinct, isolated populations on mountain islands, an 
important premise for the potential utility o f this species as an indicator o f  boreal- 
montane biogeography in the Great Basin.
Given the species’ broad geographic distribution, it is perhaps not surprising that 
several subspecies have been described. The Mountain Chickadee does exhibit marked 
geographic variation, but defining subspecies based on such variation is not an easy task 
(Inger 1961), and many attempts to do so by ornithologists have met with disapproval 
(McKitrick and Zink 1988). Bent (1964) described the following subspecies and their 
distributions: P. g. grinelli (British Columbia, WA, OR, ID); P. g. abbreviatus (central 
and northern CA, OR, western NV); P.g. baileyi (southern CA); P.g. atratus (northern 
Baja CA); P.g. inyoensis (southern ID, NV, western UT, southeastern CA); and 
P.g. gambeli (MT, WY, eastern UT, CO, AZ, NM, western TX). Behle ( 1956) 
described populations o f P.g. gambeli in Utah as belonging to a seventh subspecies,
P.g. wasatchensis.
The principal characters used to distinguish the various subspecies are plumage 
coloration (especially o f the dorsum, sides, and flanks), tail length, wing-tail ratio, and 
length, width, and depth of bill (Behle 1956). Variation in these morphological 
characters is presumably not clinal, so the delineation of subspecies can be done with 
some certainty. Nevertheless, due to the imprecise descriptions of subspecies’ ranges 
and to their intergradation with one another, a genetically based systematic study of the 
species is warranted. At present, such information is limited. The research reported 
here contributes some information on this topic but is by no means comprehensive with 
respect to the entire species.
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Natural History and Biogeography o f the Great Basin
The topography, climate, and natural history o f the Great Basin make it a fascinating 
area of research for biogeographers and ecologists. The Great Basin lies between the 
Sierra-Nevada and Rocky Mountains and is characterized by numerous mountain ranges 
scattered across an area o f lowland, producing a  unique basin-range topography that is 
unlike any other continental mountain system. The mountain ranges, which differ 
considerably in their size, height, geology, and configuration, have been likened to 
islands in a sea o f desert scrubland, which typifies the basins (Johnson 1978).
The significance o f the unusual topography of this region of the United States can be 
more fully appreciated when the effects of historical climate change are considered. 
Through time, the earth has progressed through a  series of glacial and interglacial stages 
that are presently occurring on a 100,(X)0-year cycle (Schoonmaker and Foster 1991). 
The cause o f this cycle, known as the Milankovitch cycle, is a result o f the interaction of 
cycles in the shape o f  the earth’s orbit, the tilt o f the earth’s axis, and the precession of 
the equinoxes. We are currently approaching the end of an interglacial which began 
about 18,000 years ago and peaked during the Pleistocene/Holocene boundary 10,000 
years ago (Pielou 1991).
During glaciations, sheets of ice extend down to temperate latitudes, while during 
interglacials they retreat markedly. The movement of these ice sheets is accompanied by 
corresponding shifts in zones of vegetation. Wells ( 1983) was able to docum ent these 
shifts in the Great Basin using macrofossil evidence preserved in Neotoma middens. 
During the last glacial, the Wisconsinan, the lowland areas o f the Great Basin were 
predominantly woodland, with pinyon-juniper common in the south and subalpine 
conifers such as bristlecone pine dominant in the central and northern regions. The 
warm, drying trend o f  the current interglacial subsequently caused the retreat o f  conifers 
to the higher elevations and the expansion of the desert throughout the lowlands. 
Currently, most o f the desert is dominated by sagebrush {Artemesia) or shadscale
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{Aoiplex), with creosote (Larrea) common only in the extreme south; most of the 
islands of moimtain habitat are dominated by pinyon-juniper woodlands, with some 
subalpine conifers on the higher mountaintops (Wells 1983). The island analogy is thus 
an appropriate one because forest habitats are not contiguous and because most montane 
species do not inhabit the intervening xeric communities (Kratter 1992).
An early account of the possible effects of climatic and vegetational change on the 
biota of western North America came from Hubbard ( 1974), who was interested in the 
evolution o f  aridland birds. He showed that the distribution o f several species 
complexes supported the hypothesis of differentiation in isolated arid réfugia during the 
last glacial. O f course, for forest species such as the Mountain Chickadee, the isolated 
réfugia would occur during the interglacial periods, but the underlying theme is similar, 
i.e. that climatic influences are a  significant part of the evolution o f populations and 
species.
There is a  considerable amount of literature on the Great Basin written in the context 
of the theory o f  island biogeography, as set forth by MacArthur and Wilson (1967). 
Much of the interest lies in determining which of the two “mainlands,” the Sierra- 
Nevada and Rocky Mountains, served as source pools for the flora and fauna now 
occupying the G reat Basin islands. Considering, for the moment, only the vegetation. 
Wells (1963) has shown that although both the Sierra-Nevada and the Rocky Mountains 
are much more diverse in their montane floras than the relatively depauperate Great 
Basin islands, the islands show a  much greater vegetational similarity to the Rockies. 
Macrcfossil evidence indicates that the Great Basin forests have been enriched during 
the Holocene by the immigration of several conifer species from the Rocky Mountains, 
a phenomenon which Wells attributes to seed dispersal by birds.
A similar trend is indicated for mammals, although here historical processes must be 
inferred only from present-day species distributions. Wells explains the biotic similarity 
of the Great Basin islands to the Rocky Mountains as resulting from the topograhy of
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the Great Basin. To the east of the Sierra-Nevada Mountains is a long, wide trough 
flanked by very low mountains and wide basins, producing a  large low-elevation gap 
between the Sierra-Nevada Mountains and any o f the high Great Basin ranges. In 
contrast, there are many high ranges just west of the Rockies, and the gaps between 
them are small and relatively high in elevation. Thus, the isolation of Great Basin 
forests from the Rocky Mountains may have been much more recent than from the 
Sierra-Nevada Mountains, giving species that are incapable o f crossing desert barriers, 
such as most montane mammals, more opporturrity to colonize the Great Basin islands 
from the Rocky Mountains. Furthermore, even with desert barriers in place, species 
capable o f  limited dispersal are more likely to come from the Rockies, since the barriers 
are apparently smaller than those adjacent to the Sierra-Nevada.
Avian biogeography in the Great Basin is especially intriguing. There are no species 
of birds that are endemic to the Great Basin, but the region does contain m any unique 
assemblages o f  birds that are derived from the avifaunas of surrounding areas.
Components o f  the avifaimas o f the Rocky Mountains, the Mojave Desert, and even the 
Great Plains can be foimd in the Great Basin. There are many northern and southern 
species that reach their respective southern and northern limits in the Great Basin. Some 
eastern birds reach their western limits in this area as well. There has been, however, 
much less spillover o f the California and Sierra-Nevada avifaunas eastward into the 
Great Basin (Behle 1978). This would suggest that the similarity o f the Great Basin 
montane islands to the Rocky Mountains is reflected by birds as well as mammals and 
plants.
In studying the biogeography of birds, the vagility of individual species becomes 
quite im portant The power o f flight makes birds as a group extremely vagile, yet 
dispersal and migration vary considerably among species, and this has important 
biogeographic implications. The results of a study by Brown (1978) suggested that the 
number and kinds o f birds present on Great Basin islands was determined primarily by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
habitat diversity and that the degree of isolation, although significant in mammalian 
diversity, was o f  little importance. Brown concluded that birds saturated the islands 
through continuous colonization and that mammals were in a  state of nonequilibrium 
due to random extinction in the absence of any colonization. However, the birds 
considered differ in their dispersal capabilities, and the relative importance of isolation 
may differ am ong species. For example, Behle ( 1978) found that, for sedentary 
permanent residents, there was a correlation between an island’s species diversity and 
the width o f the barrier surrounding the island. Johnson ( 1975) emphasized the 
importance o f distinguishing between the sedentary and more migratory species of birds 
occupying the Great Basin. He concluded that desert valleys are significant barriers to 
both mammals and sedentary birds, and that both groups are in a  nonequilibrium state 
due to lack o f  colonization.
Differences in vagility have been shown to be important in insects as well (Wilcox 
et al. 1986), and it is clear that such differences should be a  primary consideration in 
any biogeographic study. Parids are extremely sedentary and highly unlikely to traverse 
major interruptions of their preferred habitat (Dixon 1961). This means that the desert 
lowlands o f  the Great Basin may serve as barriers to dispersal and isolate Mountain 
Chickadees into discrete populations. The population dynamics of Mountain 
Chickadees in the Great Basin may be quite difierent from those o f other species. Thus, 
the study o f  their biogeography in this region is a  particularly interesting endeavor.
Mitochondrial DNA as a  Tool o f Study
In recent years, the analysis of mitochondrial DNA has been shown to be a  powerful 
tool for answering a variety of evolutionary questions. The ability to detect and quantify 
differences in mtDNA among individuals, populations, species, and higher taxa has 
revolutionized studies o f population structure, phylogeography, biogeography, and 
systematics (M oritz et al. 1987, Harrison 1989). The use o f molecular techniques in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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general is highly touted because of the large amount of data it provides and the relative 
ease with which it can be collected. In studies of population structure, for example, 
analysis o f DNA can uncover information that is not readily obtainable with any other 
technique. The extent of mtDNA variability present within and among populations can 
reveal both current and historical population-level processes. Due to its maternal 
inheritance, mtDNA can be a  sensitive indicator of matrilinear gene flow, thereby 
allowing investigators to trace colonization events and avenues of dispersal o f females 
(Harrison 1989). MtDNA has also been used to suggest that long-term effective 
population sizes may have been quite different from what they are now; populations that 
are presently large and widespread may show virtually no mtDNA variability if they 
went through a  bottleneck at some time in the past (Wilson et al. 1985). Finally, 
mtDNA analysis has provided many insights into hybridogenetic lineages, including the 
identification o f reproductive asymmetries in the hybridizing taxa (Moritz et al. 1987).
Probably the most widespread use of mtDNA has been as a  tool for phylogenetic 
inference. M olecular studies of the phylogenetic relationships of a  group o f taxa have 
greatly enhanced the field of systematics, owing to the many advantages o f molecular 
data (Hillis 1987). First, by studying the DNA itself, the question o f whether the 
characters are heritable is moot; the confounding effect of environmental influences on 
phenotypic variation is eliminated. Second, due to the large size of the DNA molecule, 
the number o f characters that can be used in a  phylogenetic analysis is limited only by 
the amoimt o f time and money that the investigator wishes to spend on the project.
Lastly, molecular methods place very few restrictions on the scale at which a  
phylogenetic study can be conducted. Due to the different rates of evolutionary change 
in different portions of the genome and differences in resolution of the various methods 
of analysis, it is possible to detect variation among closely related populations o r species 
or to find homologies throughout all living organisms (Hillis 1987). The time scale on
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which systematists can operate therefore ranges from the very recent to the exüetneîy 
ancIiM, so that virtually all levels of the taxonomic hierarchy can be addressed.
Finally, it is important to note the contribution o f mtDNA analysis to the fields that 
this research most directly encompasses, biogeography and phylogeography. As 
previously mentioned, mtDNA can be used to identify colonization events and patterns 
of gene flow. Similarly, the restriction of gene flow can be inferred in situations in 
which groups o f populations show a well-defined, localized structure in the genotypes 
of their mtDNA (Avise 1989). Thus, surveys of mtDNA within species can be used to 
test hypotheses o f dispersal and vicariance, thereby lending needed rigor to the theories 
of both island and vicariance biogeography.
At the heart o f the study of phylogeography lies the fact that most species of animals 
possess a  measurable amount of mtDNA polymorphism. Once that polymorphism has 
been identified, the patterns it exhibits across a species’ range can give clues about the 
evolutionary history o f that species. Avise et al. ( 1987) have outlined several types of 
relationships that may exist between intraspecific phylogenies and geographic 
distributions, each one reflecting a potentially different evolutionary history.
A commonly encountered situation is one in which the arrays of related mtDNA 
genotypes are spatially separated (Category I), possibly indicating the existence of long­
term, extrinsic barriers to gene flow or the extinction o f intermediate genotypes in a 
widespread species with limited capabilities for dispersal. Cases in which there are 
discontinuities in mtDNA genotypes and a  lack of spatial separation (Category II) are 
much less common, but may occur with the formation o f secondary admixture zones. 
Phylogenetic continuity among spatially separated populations (Category III) is also 
fairly common, the explanation being that a moderate amount o f gene flow occurs 
between the populations. Phylogenetic continuity and a  lack o f spatial separation 
(Category IV) requires an absence of barriers to movement and a  species inclined to 
dispersal, allowing extensive gene flow throughout the species’ range.
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Of course, not all species will fall neatly and distinctly into one of these categories. 
Intermediate situations are to be expected given the complex dynamics o f evolutionary 
histories. Nevertheless, it should be clear that mtDNA analysis can reveal a lot about 
the geographic structuring of natural populations and provide a way to evaluate 
competing evolutionary hypotheses. The quantitative data that can be extracted from 
mtDNA allows investigators to apply phylogenetic principles at the intraspecific level, 
thereby linking systematics and population genetics and revolutionizing the study o f 
microevolutionary processes (Avise et al. 1987).
Given the importance of this molecule to so many fields of biology, it is important to 
describe the structure of mtDNA and the properties that make it such a useful tool for 
biologists. The small size of mtDNA and its existence in high copy number in an 
organelle other than the nucleus make the molecule easy to isolate and purify and 
therefore easy to characterize (Wilson et al. 1985). Universally present throughout the 
animal kingdom, mtDNA is a double-stranded, covalently closed circular molecule 
which, in higher animals, is about 16-20 kilobases long (Avise et al. 1987). For birds 
in particular, the size is estimated a t 163-17.3 kb (Shields and Helm-Bychowski 1988).
The gene content is invariant, consisting o f 13 protein genes, 2 ribosomal RNA genes, 
and 22 transfer RNA genes. The arrangement o f these genes is conserved within phyla 
(W ilson et al. 1985). The genes are highly compact with reduced or absent intergenic 
sequences and no introns within structtual genes. Most o f the regulatory sequences are 
concentrated in a  control region which, in vertebrates, is characterized by a 
displacement loop or D-loop that functions in replication and transcription (Brown 
1985).
There are several unique properties o f mtDNA which contribute to its utility in 
evolutionary biology. First, mtDNA is haploid and maternally inherited, so it reflects 
matriarchal phylogenies that are not confounded by recombination and independent 
assortment; the molecules are passed on as clones, differences being created by mutation
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alone (Shields and Helm-Bychowski 1988). Second, mtDNA evolves rapidly, perhaps 
5-10 times faster than single-copy nuclear DNA, so that groups of organisms that show 
little or no divergence in their nuclear DNA may be distinguishable by their mtDNA 
genotypes (Brown et al. 1979). This may be due to an inherently inefficient repair 
mechanism in the mitochondrion (Wilson et al. 1985). As mentioned above, however, 
different parts o f the molecule evolve at different rates, with the rRNA genes being 
highly conserved and the control region being quite variable, so that multiple scales of 
taxonomic quescoiiS can be addressed (Moritz et al. 1987, Harrison 1989).
Although there are a wide variety ol molecular techniques available, mtDNA analysis 
is particularly appropriate for this study. According to Avise and Zink ( 1988), 
techniques involving nuclear DNA hybridization or protein immunology are best suited 
to studies of higher taxonomic levels, while protein electrophoresis and restriction 
enzyme airalysis of mtDNA are appropriate for comparisons within and among closely 
related species. According to Shields and Helm-Bychowski ( 1988), protein 
electrophoresis is ineffective in differentiating populations of birds because so little 
variation is observed at this level. Furthermore, Avise and Zink ( 1988) point out that 
birds a t any taxonomic level are usually less divergent than their counterparts in other 
vertebrate classes, while Kessler and Avise ( 1985) offer the rule o f thumb that, in terms 
o f genetic differentiation, birds are shifted down one taxonomic level compared to 
nonavian groups. It is unclear whether this is due to decelerated evolution in birds or to 
the fact that birds have a more recent common ancestry than has been assumed, but there 
is no question a rapidly evolving portion o f the genome is a necessity for studying 
populations o f  birds. Thus, mtDNA analysis is an appropriate method for this research, 
especially since the formation of montane islands and the isolation of chickadee 
populations in the Great Basin probably occurred less than 10,000 years ago.
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Avian Phylogeography and Systematics
As the use o f mtDNA techniques has expanded, so has the literature describing 
systematic and phylogeographic relationships among birds. The ability o f mtDNA 
analysis to resolve entities at the lower end of the taxonomic hierarchy has allowed 
investigators to determine the phylogeny of avian congeners with greater confidence.
Avise and Zink (1988) distinguished four pairs o f avian sibling species based on 
mtDNA; in three o f these sets the birds had at one time been considered single species 
while in the fourth, the status o f the two as distinct species was still under debate. The 
investigators’ success in finding informative genetic markers in such closely related 
birds demonstrates the utility of mtDNA as both a  phylogenetic and phylogeographic 
tool.
There are many cases in which mtDNA has greatly facilitated the phylogenetic 
analysis o f birds. Only a few can be discussed here, but it is important to recognize at 
least some o f this work because the theory and practice o f systematics are so intimately 
related to phylogeography (Avise 1989). Zink et al. (1991) used mtDNA to determine 
the phylogeny of five sparrows in the genus Zonotrichia, v/hich was then used as a 
framework for interpreting the evolution of vocal, morphological, and ecological 
characters in the genus. Kessler and Avise (1984) and Ovenden et al. (1987), in studies 
o f waterfowl and Australian rosellas, respectively, found that mtDNA verified the 
phylogenies derived from independent sources o f information. However, Zink and 
Avise ( 1990) found discrepancies between a  sparrow phylogeny based on mtDNA and 
one based on morphometries, and they suggested that the morphological data were 
clouded by ecological convergence. Finally, Mack et al. ( 1986) found mtDNA 
divergence between Black-capped and Carolina Chickadees, and it was later shown in a 
more comprehensive study by Gill et al. (1993) that the two are not sister species as had 
once been thought Thus, mtDNA harbors a  wealth o f  information that can be tapped to 
produce more robust hypotheses about the evolution o f  avian species.
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Given that, it should not be surprising that the use of mtDNA has been extended to 
phylogeographic analyses as well. The amount of literature on this subject is relatively 
small but growing rapidly, and already many diverse species have been investigated, 
and several interesting patterns have emerged. One of the few things that can be said 
with certainty about avian phylogeography is that it is impossible to make sweeping 
generalizations about patterns of genetic structuring within and among bird populations. 
Different species can have highly distinct evolutionary histories, as indicated in a  study 
by Ball and Avise ( 1992), which examined mtDNA variability in six avian species with 
continent-wide distributions across North America. The Downy Woodpecker (Picoides 
pubescens) and the Mourning Dove {Zenaida macroura) showed very little mtDNA 
polymorphism and no appreciable phylogeographic structure, probably because their 
effective population sizes were much smaller historically than at present. More variation 
was found in the Brown-headed Cowbird IMolothrus ater) and the Song Sparrow 
{Melospiza melodia), but the geographic structure was still negligible, suggesting that 
any separations among populations have developed fairly recently. Finally, 
considerable phylogeographic differentiation was observed in the Rufous-sided Towhee 
(Pipilo erythrophthalmus) and the Common Yellowthroat (Geothlypis trichas), which is 
indicative o f deep, long-term separation o f populations.
Even species that are closely related, ecologically similar, and largely sympatric can 
show striking phylogeographic differences. Zink ( 1991) found that Song Sparrows had 
a greater haplotype diversity than did Fox Sparrows {Passerella iliaca) collected from the 
same sites. However, significant population structuring was present only in Fox 
Sparrows; their haplotypes showed an east-west division across the sampled range, 
which is congruent with broad patterns o f morphological differentiation in this species.
In contrast, there was virtually no pattern in the variation of Song Sparrows. Thus, the 
current sympatry of the two species does not provide sufficient evidence to conclude 
that they have had similar evolutionary histories because the vicariant event that has
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apparently separated groups o f Fox Sparrow populations seems to have had very little 
influence on Song Sparrows. This is an excellent example o f how biogeographic 
hypotheses can be evaluated and refined using mtDNA; it also demonstrates that the 
analysis of multiple species can be useful in proposing more robust explanations o f how 
historical events have shaped patterns of geographic differentiation.
In many cases, investigations of geographic variation in birds are aimed at 
determining the evolutionary significance of subspecies. Barrowclough and Gutierrez 
(1990) studied genetic variability in the three recognized subspecies of the Spotted Owl 
(Strix occidentalis). No variability was found between the two Pacific coast subspecies, 
and thus no conclusions could be drawn about the validity o f the taxonomy. However, 
the third subspecies, from New Mexico, showed such a large difference in the allele 
frequency at one locus that they concluded it had been isolated from coastal populations 
for an evolutionarily long period of time and that its designation as a  separate subspecies 
is warranted. Shields and Wilson ( 1987b) were able to differentiate five subspecies o f 
the Canada Goose {Branla canadensis) by their mtDNA, and in all cases the amount of 
divergence was congruent with the degree of morphological differentiation and 
proportional to the proximity of their breeding grounds, indicating that the subspecific 
taxonomy o f this species is indeed an appropriate one.
Other analyses o f  subspecies have been less supportive o f  taxonomy. Dengan and 
Moritz (1992) found a  very poor correspondence between subspecies boimdaries and 
mtDNA haplotypes in the Silvereye {Zosterops lateralis) and suggested that the 
morphological variation used to distinguish the subspecies reflects local selection 
pressure more than evolutionary history. Similarly, Z inker a/. (1991) proposed that the 
purple and bronzed forms of the Common Crackle {Quiscalus quiscula) evolved 
rapidly, perhaps as a  result o f sexual selection, since the striking difference in plumages 
is not accompanied by any geograpnic structure in mtDNA. Avise and Nelson (1989) 
found no variation between the mtDNA o f the now extinct Dusky Seaside Sparrow
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(Antmodrantus maritimus nigrescens) and that o f other A. tmritimus populations in the 
region. Finally, Corbin and Wilkie ( 1988) determined that there is no underlying 
genetic basis for the distinction o f two subspecies of the White-crowned Sparrow 
{Zonotrichia leucophrys). Since morphological differentiation can develop rapidly and 
with a  relative paucity of genetic differentiation, molecular data should be used when 
long-term, biogeographic phenomena are of interest.
The biogeographic patterns that have been found, and their proposed explanations, 
are almost as diverse as the taxa being studied. Recent range expansions and high 
dispersal rates have been cited as causes for the lack of population structure in Red­
winged Blackbirds {Agelaius phoeniceus) and Pied Flycatchers {Ficedula hypoleuca)
(Ball et al. 1988, Tegelstrom et al. 1990). The large number of closely related 
haplotypes in a population o f Great Tits IParus major) has been attributed to a  large, 
long-term effective population size preventing the stochastic extinction o f different 
lineages (Tegelstrom 1987). The coexistence of highly divergent haplotypes o f Blue 
Tits (Parus caeruleus) in a single geographic region suggests that there has been a recent 
admixture o f two previously isolated populations, probably as a  result of climate change 
(Taberleter al. 1992). The population structure o f the California Quail (Callipepla 
californica) is thought to be a result of dispersal made possible by geologic changes, 
specifically the junction of Baja California with southern California 3-5 million years 
ago (Zink et al. 1989). Finally, patterns o f differentiation in the Northern Flicker 
(Colaptes auratus) suggest that divergence may accrue in southwestern populations 
during interglacials, when they are isolated in woodland réfugia (Moore et al. 1991); 
this scenario may parallel that of the Mountain Chickadee. Of course, all o f the 
intricacies o f  a complex evolutionary history can never be known with absolute certainty 
for any species, but current techniques allow us to identify broad patterns in nature and 
to discriminate between fundamentally different alternative hypotheses, which is why 
phylogeography has become such an exciting new discipline.
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M A TER IA LS AND M E T H O D S
Collection of Specimens
Mountain Chickadees were collected from the summer of 1992 through the 
summer o f 1993 from the following areas: the Spring Mountains, the Toiyabe 
Mountains, the M onitor Range, the Snake Mountains, the Ruby Mountains, the 
Wasatch Range, and the Carson Range. The latter two locations represent the Rocky 
and Sierra-Nevada Mountains, respectively; the others are isolated mountain ranges of 
the G reat Basin.
Birds were collected with a 22 long rifle and 22 bird sho t Ten individuals were 
collected from each mountain range, for a total o f 70 individuals. The number of 
specimens used in the study was selected with the intention of obtaining reasonable 
estimates o f  both the within-population variation and the among-population variation, 
which is critically important in any study o f intiaspecific geographic variation or 
population structure (Baverstock and Moritz 1990).
Once collected, specimens were put in plastic bags and placed on dry ice in a 
Styrofoam cooler. All specimens were returned to the laboratory within 36 hours of 
collection. In the laboratory, the heart and liver o f each individual were removed and 
placed in Nunc CryoTubes, which were then stored in an ultiacold freezer a t -80°C.
Dr. Frank B. Gill donated two specimens of P. gambeli from Los Angeles County, 
CA, one from G ila County, AZ, and two specimens o f P. atricapillus. The specimens 
of P. gambeli were requested in order to better evaluate the biogeographic patterns 
suggested by the analysis of the previously collected specimens. P. atricapillus was 
used as an outgroup. In all, the Mountain Chickadees used in this project represent nine 
different geographic locations and five of the seven recognized subspecies (Figure 1).
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Extraction of Total Genomic DNA from Tissues
The protocol for extracting total genomic DNA from tissue samples follows that of 
Hillis et al. ( 1990). Approximately 100 mg o f either heart o r liver tissue was placed into 
500 pL  of STE (0.1 M NaCl, 0.05 Tris-HCI pH 7.5, 0.001 EDTA) in a  1.5-mL plastic 
centrifuge tube. Next, 25 pL  of a 20 mg m L 'l solution o f proteinase K was added to 
the tube. The tissue was ground using a  tissue homogenizer. Twenty-five pL  of 20% 
sodium dodecyl sulfate was added, and the solution was incubated at 55 'C  for 2 hours 
with occasional mixing.
After incubation, an equal volume (550 pL) o f PCI (phenol, chloroform, and 
isoamyl alcohol in the volumetric ratio 25:24:1) was added to the solution and incubated 
at room temperature for 5 minutes. The mixture was then centrifuged for 5 minutes at 
7,000 g. The aqueous layer was removed using a  micropipette and transferred to a 
clean tube. The aqueous phase was then extracted with PCI a second time. Next, an 
equal volume of Cl (chloroform and isoamyl alcohol in the volumetric ration 24:1) was 
added and incubated at room temperature for 5 minutes. The mixture was then 
centrifuged for 3 minutes at 7,000 g. The aqueous layer was removed and extracted 
with Cl a second time.
After transferring the aqueous solution to a  clean tube, one-tenth volume (about 
45 pL) of 2 M NaCl and 1 m L of cold absolute ethanol were added to precipitate the 
DNA. This solution was incubated overnight at -20°C. The DNA precipitate was then 
centrifuged for 5  minutes at 7,000 g to pellet the DNA. The ethanol was decanted, and 
the pellet was dried for 10 minutes in a vacuum centrifuge. The pellet was resuspended 
in 250 pL double-distilled water (ddHoO) overnight at 5°C. Samples o f resuspended 
total genomic DNA were stored in a freezer at -20°C.
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PCR Amplification o f Desired DNA Fragments
One o f the most valuable œntributions to the field of molecular biology has been the 
development of a technique called the polymerase chain reaction (PCR). This technique 
prcxiuces large quantities of DNA from a very small sample and thus makes the analysis 
of mtDNA considerably easier. The underlying principles of the procedure have been 
described by Amheim et al. ( 1990). First, a target sequence of DNA is chosen to be 
analyzed. Next, a  pair of primers, one for each strand of the DNA, must be obtained.
These primers are single strands of DNA, usually about 20 nucleotides long, which are 
complimentary to the DNA sequences flanking the target sequence and are necessary to 
initiate the amplification.
The reaction itself involves a  series o f steps, each one carried out at an appropriate 
temperature. The first step is the high-temperature dénaturation of the target DNA into 
single strands. The next step is primer annealing, in which the temperature is reduced, 
allowing the primers tn bind to the complementary flanking sequences with their 
3 '-hydroxyl ends oriented toward the target sequence. Third, there is an extension 
phase in which a  DNA polymerase adds deoxyribonucleoside triphosphates to  the 3' 
end o f each o f the two chains, thereby copying the target sequence. Thus, one series of 
denaturanon, annealing, and extension (i.e. one cycle) doubles the amount of target 
DNA. The increase in DNA is exponential so that n cycles will produce 2" times as 
much DNA as was initially present. The appeal of PCR, then, should be clear. Only a 
few nanograms o f DNA are needed initially, and in the course of a  few hours, that DNA 
can be amplified a  million- or a  billion-fold and can then be analyzed in any number of 
ways.
Therefore, once the total genomic DNA from each individual was isolated, it was 
necessary to amplify the target sequences to be used in the analysis. The procedure for 
PCR amplification follows that of Hillis et al. (1990). First, the following ingredients 
were added to a  0.5 mL microcentrifuge tube: 2 pL  of total genomic DNA, 10 pL  lOX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
Taq buffer (500 tnM KCl. 100 mM Tris-HCl pH 9.0, 1.0% Triton X-IOO), 5 pL  of 
each o f the two appropriate primers (10 pm pL" ̂ ), 16 pL  5 mM dNTP mix, 10-14 pL  
25 mM MgCl2 (the precise amount varying among samples), 0.5 pL  Taq polymerase, 
and enough ddHoO to make a final volume of 100 pL. The solution was then vortexed, 
centrifuged, and overlaid with mineral oil. The DNA was amplified in a  Perkin Elmer 
thermal cycler.
A 2,200 base-pair gene region, including the NADH dehydrogenase 2 gene (ND2),
5 tRNA’s, and part o f the cytochrome oxidase 1 gene (COl), was amplified for analysis 
by restriction endonuclease digestion. The primers used were obtained from National 
Biosciences (prim er L3880, 5' TAA GCT ATC GGG CGC ATA CC 3'; primer H6033,
5' ACT TCA GGG TGC CCA AAG AAT CA 3'). The conditions for amplification 
were as follows: dénaturation at 95°C for 1 minute, annealing at 52°C for 1 minute, and 
extension at 72 'C  for 2 minutes with 4  seconds o f extension added to each successive 
cycle. The amplification was run for 30 cycles.
The success of each reaction was checked by running a  4  pL aliquot of each 
amplification through an agarose gel by electrophoresis. Gels were made by combining 
0.8 g agarose, 10 mL lOX TAE (4 M Tris, 0.05 M sodium acetate, 0.01 M disodium 
EDTA, pH 8.2), and 90 mL ddH 20 and were run in a  IX  TAE buffer. Gels were nm  
at 115 V for approximately 30 minutes. After electrophoresis, gels were stained in 
ethidium bromide for 20 minutes and visualized by ultraviolet fluorescence. The size of 
the fluorescing DNA fragments was determined by their position relative to a molecular 
weight standard that was placed alongside the samples in the gel. Successful 
amplifications were stored at -20“C for later use.
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Restriction Endonuclease Digestion o f the ND2-COI Fragment
The research herein is based on restriction fragment analysis. This technique is most 
efficient when sample sizes are relatively large, and it allows one to scan large segments 
of DNA, so it is particularly appropriate for intraspecific comparisons (Hillis and Moritz 
1990). The basic approach is to treat DNA from different individuals with various 
restriction endonucleases, which will cut the DNA into fragments, and then to compare 
the fragment patterns produced. Numerous restriction endonucleases have been isolated 
from bacteria, in which their natural function is to protect the organisms from foreign 
DNA. The enzymes recognize specific nucleotide sequences, typically 4-6 base pairs, 
and cleave the DNA at any point at which the sequence occurs. Variations in the 
number or size o f  fragments can result from base substitutions o r  length mutations and 
ai% called restriction fragm ent length polymorphisms (RFLP's). Comparisons of 
RFLPs can be used to determine relationships of populations o r  taxa (Dowling et al.
1990).
Two assumptions are important in RFLP analysis. First, it is assumed that changes 
in fragment patterns are due to base substitutions rather than length mutations. This 
assumption appears to be justified; a few small length mutations have been observed, 
but only in restricted parts of the genome (Shields and Helm-Bychowski 1988).
Second, it is assumed that fragments o f equal size from different samples are a result of 
cleavage a t homologous sites and do not represent the comigration o f equal-sized but 
nonhomologous sequences. Among closely related organisms, the likelihood of 
comigration of unrelated fragments is small and thus this assumption is generally valid 
in studies of conspecific populations (Dowling et al. 1990).
If length mutations o r nonhomologous fragments are thought to be a  problem, their 
effects can be negated with a  similar but slightly more complicated technique called 
restriction-site mapping. Here, the fragments produced by digesting DNA with each of 
two enzymes are compared to the fragments produced by digesting it with a mixture of
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both enzymes. This approach allows the investigator to determine the relative locations 
o f restriction sites along the DNA and is often considered to provide more robust and 
reliable data sets (M oritz et a/. 1987). In closely related groups, however, the site and 
fragment methods usually give identical results (Quiim and White 1987).
Once amplified, the ND2-COI gene region o f each individual was digested with 
several restriction endonucleases to scan the region for variation. A total o f 14 
restriction endonucleases were used. Nine of these have 4-base recognition sites:
BstV  I, Dde I, Hha I, Mini I, Mbo 1, Mse I, Msp 1, Rsa I, and Taq I. Tw o 
endonucleases have 4.67-base recognition sites: Ava II and fl^rN I. The other three 
have 5.33-base recognition sites: Ava I, Bsp 1286 I, and Hinc II. The 4.67 and 5.33 
recognition sequences result from the enzymes' nonspecificity for a particular base at a 
given position. Digestions were carried out according to manufacturer’s specifications 
(i.e. using the specified buffer solution and incubating at the optimal temperature).
The basic protocol follows Dowling et al. ( 1990). For each individual, 5  pL  of the 
amplified DNA were placed in a sterile microcentrifuge tube. T o this was added 2.5 pL  
of the appropriate buffer stock, 3-4 units of the restriction endonuclease (the volume 
varied according to the enzyme's concentration), and enough ddH20  to make a  final 
volume o f  25 pL. (Note: the buffer, enzyme, and water were combined beforehand to 
prepare a  digestion mix, the total volume of which was appropriate for the total number 
o f samples being digested.) Samples were then incubated at the recommended 
temperature for a  minimum o f 5 hours and usually ovemighL
The fragments produced by each digestion were separated according to size by 
electrophoresis through agarose gels. The gels were made by combining 4.5 g agarose,
30 m L lOX TAE, and 270 m L ddH 20. Gels were run in a  IX  TAE buffer at 145 V for 
approximately 2 hours. After electrophoresis, gels were stained in ethidium bromide for 
20 minutes, then visualized by ultraviolet fluorescence. The gels were photographed 
using a Polaroid camera to keep a  permanent record o f the data. The size o f the
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fragments and the banding patterns produced by each restriction endonuclease could be 
identified by a molecular weight standard included in each gel.
Data Analysis
After digesting each individual’s DNA with the various restriction enzymes and 
determining the sizes of the fragments produced, inferences were made regarding the 
presence o f restriction sites. The ND2-C01 sequence is cut once for each restriction site 
present, so  that n restriction sites produces n + l fragments. Relative locations of 
restriction sites along the sequence were determined by the size of the fragments they 
produced. Differences in fragment patterns among individuals were attributed to the 
loss o r gain o f a  restriction site, with fragment sizes again indicating where the loss or 
gain occurred. Based on this information, each individual was assigned a  composite 
haplotype; individuals that shared all the same restriction sites were given the same 
haplotype, and any change found using any o f the 14 restriction enzymes resulted in the 
delineation o f a  new haplotype.
Data w ere analyzed using the program RESTSITE v l.2  (Miller 1991), which 
calculates genetic distances from site or fragment data and constructs trees based on 
those distances. Genetic distance is defined as the number of nucleotide substitutions 
per nucleotide site and can be estimated from restriction site data using the methods of 
Nei and Li ( 1979) and Jukes and Cantor ( 1969). Here, the number o f restriction sites in 
each o f  two DNA sequences and the number o f sites shared between them is used to 
compute the probability that sequences share the same recognition sequence at a  given 
site using the formula S=2mxy/(mx+my), where S is the probability that DNA 
sequences x and y share the same recognition sequence at a  given site, mxy is the 
number o f  restriction sites shared between x and y, and mx and my are the num ber o f 
restriction sites in x and y, respectively (Nei and Li 1979). Knowledge o f this
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probability and the number of nucleotides in the sequence can be used to estimate the 
proportion of nucleotide differences between the two sequences with the formula 
p=l-S^^L where p is the proportion o f nucleotide differences and r is the number of 
nucleotides in the recognition sequence (Nei 1987). This in turn can be used to estimate 
genetic distance with the formula d=-3/4 In (l-4p/3) where d  is the number of 
substitutions per site and p is estimated by p above (Jukes and Cantor 1969).
According to Nei ( 1991), this method provides reliable estimates of genetic distance for 
d values of 0.1 or less. For this study, distances were calculated among two different 
sets o f operational taxonomic units (OTU’s), haplotypes and subspecies.
The genetic distances were then used to produce Neighbor-Joining trees depicting the 
relationships among haplotypes. Several methods o f building trees based on genetic 
distances have been developed, but the Neighbor-Joining method has several 
advantages. It does not require that the rate of evolution remain constant among 
lineages, and the accuracy o f the tree topology depends only on the accuracy o f the 
distance values (Nei 1991). The Neighbor-Joining method, developed by Saitou and 
Nei ( 1987), joins the two CTU’s with the smallest distance; it then averages the distance 
between those OTU’s and each remaining OTU and again joins the CTU with the 
smallest distance to the tree. This clustering is continued until all OTU’s have been 
included, producing the complete Neighbor-Joining tree.
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Haplotype Variation
Digestion o f the 2,200 base-pair region with fourteen restriction enzymes reveait 
three haplotypes among the 73 sampled specimens o f P. gambeli (Table I). The 
presence or absence of the various restriction sites for each haplotype is shown in Table 
2. Table 3 gives the genetic distances for all pairs of haplotypes. The most common 
haplotype, present in 59 individuals and hereafter referred to as haplotype I, was found 
in all of the sampled Great Basin mountain ranges as well as in Arizona and Utah.
Across this broad geographic range, only two individuals exhibited a different 
haplotype. Both of these individuals were collected from the Snake Range in eastern 
Nevada, and their haplotype, haplotype II, differed from haplotype I by a  single 
restriction site. The genetic distance between these haplotypes was 0.46%.
Haplotype III was present in all individuals collected from the Sierra-Nevada 
Mountains and from Los Angeles County, CA. This haplotype differed from haplotype 
I by 10 restriction sites and from haplotype II by 11. The genetic distances between 
haplotype III and haplotypes I and II were 3.0%  and 3.7%, respectively.
Haplotypes I and II showed greater divergence from the outgroup, P. atricapillus, 
than did haplotype III. The former two differed from the atricapillus haplotype by 15 
and 16 restriction sites, yielding genetic distances o f 5.4% and 6.3%, respectively. 
Haplotype III differed from P. atricapillus by 11 restriction sites for a  genetic distance of 
4 .1% .
The genetic relationships among the observed haplotypes are shown in R gure 2. A 
significant amount of geographic structuring accompanies these relationships (Figure 3). 
Haplotypes I and II are closely related, and the rare haplotype II is geographically nested
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T able 1. The three haplotypes detected among samples of Parus ^atnheli. l>etters in the haplotype composition, from left to right, refer 
to restriction morphs for enzymes fl.v/U I, Dde I, Hha I, Hini l,Mho 1, Mse I, Msp I, Rsa 1, Taq 1, Ava II, B.vfN I. Ava I, Bsp 1286 I, 
and Hinc II. Consecutive letters of the alphabet indicate a difference of a single restriction site. Ixwality numbers are the same as those 
used in Figure I.
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Table 2. Matrix indicating the presence ( I ) or absence (0) of restriction sites for each enzyme in each of the three P. f^amheli 
haplotypes.
Haplotype B.vrll 1 Dde I Hha I Hini 1 Mho I Mxe I Msp I Rsa 1 Taq I Ava il J9.V/N 1 Ava I Bsp 12861 Hinc II
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T able 3. Genetic distances (below the diagonal) and their standard errors (above the diagonal) for all pairs of haplotypes. 
Haplotype IV is the Black-capped Chickadee. P. atricapillus. Other haplotypes are described in Table I.
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Figure 2. Neighbor-joining tree showing the relationships of the observed haplotypes. Haplotype number? are described 
in Table I. Genetic distance is shown below (he tree. c
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haplotypes. Kach shaded region represents the minimum extent of the haplotype given in the box.
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within the more widespread haplotype I. Haplotype III is divergent from I and II and 
seems to be associated with populations occurring west o f the Great Basin, including 
the Sierra-Nevada Mountains adjacent to the Great Basin on the Califomia-Nevada 
border.
Subspecies Variation
The three haplotypes that were detected were distributed among five subspecies o f 
the Mountain Chickadee. P. g. inyoensis, the m ost thoroughly sampled of the 
subspecies, was the only subspecies to exhibit more than one haplotype; forty-eight o f 
the individuals possessed haplotype I and two possessed haplotype II. All 10 F.g. 
wasatchensis and the single P. g. gambeli, subspecies which occur east of the range o f 
P. g. inyoensis, possessed haplotype I only and thus were genetically indistinguishable 
from most individuals of P. g. inyoensis. Also indistinguishable were the 10 P. g. 
abbreviatus and both P. g. baileyr, all of these individuals possessed haplotype III only.
Genetic distances among subspecies varied considerably (Table 4). The smallest 
distance was 0.0% , between P. g. abbreviatus and P. g. baileyi and between 
P. g. wasatchensis and P. g. gambeli. The distances between P. g. inyoensis and either 
P. g. wasatchensis o r P . g. gambeli were also very small, owing to the fact that only 2 
out o f 50 individuals o f P. g. inyoensis differed from the other two subspecies, and 
then only by a  single restriction site. In contrast, distances on the order of 3-4% were 
found between those subspecies possessing haplotype I and those possessing haplotype 
III. Clearly, inyoensis, wasatchensis, and gambeli are a  closely related group, as are 
abbreviatus and baileyi. Significant genetic distance separates the two complexes. The 
grouping of the different sets of subspecies is consistent with their geographic 
distributions; the inyoensis-wasatchensis-gambeli complex occurs in the eastern part o f 
the species’ range, and the abbreviatus-baileyi complex occurs in the west.
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DISCUSSION
Interpretation of Genetic Distances
The genetic distances of haplotypes I and II from haplotype III were 3.0% and 
3.7%, respectively. In order to properly evaluate the significance of these distances, it 
is necessary to review the findings of other studies of geographic variation among avian 
conspecifics. The genes present in the ND2-COI region are conserved to varying 
degrees (Brown 1985), and making comparisons between this and other research 
requires the assumption that this gene region represents a random sample o f the mtDNA 
molecule, since most investigators use the entire molecule in their analyses.
The mtDNA divergence between the eastern and western haplotypes exceeds that 
found in many other studies. Genetic distances of less than 1% are common, even 
across vast geographic areas. Pied Flycatchers {Ficedula hypoleuca) from different 
parts of Sweden show a maximum divergence of 0.82% (Tegelstrom et al. 1990). The 
maximum distance found between specimens o f  Common Grackle (Quiscalus quiscula), 
sampled extensively over the eastern United States, was 0.98% (Zinker al. 1992). Ball 
et oL ( 1988) and Zink and Dittmann ( 1993) conducted continent-wide surveys o f Red­
winged Blackbirds {Agelaius phoeniceus) and Chipping Sparrows {Spizella passerina), 
respectively; the Redwings differed by a  maximum of 0.8%, and the sparrows by only 
0.62%. Atlantic and Gulf Coast populations o f  Seaside Sparrows {Ammodramus 
maritimus) differ by 1.1% (Avise and Nelson 1989).
Reports of intraspecific genetic distances comparable to or greater than those found 
here are much less common. However, Degnan and Moritz (1992) found 3.9% 
divergence between haplotypes of White-eyes (Zosterops lutea) occurring in eastern and 
western Australia. Seutin et aL (1993) recently reported an average genetic distance of
3 4
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6.3% between populations of Streaked Saltator (Sallator albicollis) in the Lesser Antilles 
and those in Panama and Peru. This is the largest known distance between avian 
conspecifics and in fact exceeds most estimates of genetic distance between avian 
congeners as well.
O f course, genetic distance and geographic population structure are determined by 
the interaction o f a suite o f historical and ecological processes, so differences among 
species are to be expected; indeed, one o f  the principal aims of phylogeographic 
research is to understand differences in the evolutionary histories of various taxa.
However, comparisons of different groups of organisms could be misleading if the 
differences were due not only to differences in history and ecology but also to the 
inconsistent manner in which they have been subdivided into genera, species, 
subspecies, and so forth (Avise and Aquadro 1982). Such discrepancies in taxonomic 
convention are more likely to be a  problem between vertebrate classes rather than within 
them, but nevertheless it may be more appropriate (and more interesting) to evaluate the 
intraspedfic differentiation of the Mountain Chickadee with reference to its closest 
relatives.
Several species of Pants have been studied in this regard. Tegelstrom (1987) found 
only 0.51% divergence between haplotypes o f the Great Tit {P. major)-, however, he 
conducted his study on a very localized scale, and his values may not be indicative of 
divergence at the regional level. Taberlet et aL (1992) found 1.49% divergence between 
Blue T it (P. caeruleus) haplotypes, but again this reflects only a small geographic area.
A more widespread sampling design was used by Gill and Slikas ( 1992) and Gill 
et al. (1993). In the former study, subspecies of the Tufted Titmouse {P. bicolor), the 
Bridled Titmouse (P. wollweberi), and the Plain Titmouse (P. inomatus) were found to 
differ by 0.55% , 0.56%, and 5.02%, respectively. Divergence between subspecies o f 
P . irwmatus was almost as great as that between the species P. inomatus and P . bicolor. 
Gill et al. ( 1993) found that subspecies o f  the Carolina Chickadee (P . carolinensis) and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
the Mexican Chickadee (P. sclaleri) differed by 3.4% and 1.1%, respectively. Their 
estimate of divergence between P. gambeli gambeli and P. g. baileyi was 3.1%; the 
extent to which their estimate agrees with the one reported here is a  function o f the 
extent to which the ND2-COI gene region adequately reflects the entire mitochondrial 
genome.
Thus, the magnitude of differentiation between observed haplotypes of the Mountain 
Chickadee is less than that of the Plain Titmouse, approximately equal to that of the 
Carolina Chickadee, and substantially larger than that o f the other studied parids.
Presumably, these differences reflect fundamentally different biogeographic histories.
The fact that the level o f divergence among haplotypes of a  single species can approach 
that which occurs between species (as in the case of the Mountain Chickadee and the 
Plain Titmouse) indicates that widespread species may be composed of two o r more sets 
o f populations whose long-term separation is significant at the evolutionary level.
Significance of Subspecies
Since this survey included five o f the seven named subspecies of the Mountain 
Chickadee, it is worthwhile to comment on the significance of the subspecific rank in 
this species. Geographic variation within species is common, and naming subspecies 
may provide formal recognition of such variation. However, several problems exist 
with the concept F irst geographic variation in genetically independent characters often 
does not coincide, so subspecies must be named on the basis of only one or a  few o f the 
varying characters. Second, subspecific epithets imply subdivision between 
populations o f a  species, but questions regarding how much isolation is necessary and 
for how long have not been answered (Inger 1961). In spite of these difficulties, Inger 
advocated the continued use o f subspecies names in order to integrate the vast amoimt o f 
information that has been collected on geographic variation.
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More recently, McKitrick and Zink ( 1988) discussed another problem with 
subspecies designations. They indicate that subspecies names often imply discontinuity 
when in fact none exists, such as when clinally varying populations are separated as 
being discrete. They proposed abandoning the concept altogether, explaining that while 
the study o f geographic variation is interesting and often highly informative, the process 
o f assigning names to populations is often ambiguous or invalid. Avise and Ball 
( 1990), however, suggested that subspecies status is valid for populations exhibiting 
concordant phylogenetic partitions across multiple, independent, genetically-based 
characters. Such concordance is the result o f long-term, extrinsic barriers to gene flow, 
with the degree of concordance increasing as time since isolation increases (Avise et al. 
1987). Since the biotic partitioning shown by such populations reflects biogeographic 
and evolutionary history, formal taxonomic recognition of subspecies is warranted 
(Avise 1994). Ball and Avise (1992) demonstrated that the amount o f divergence 
between currently recognized subspecies o f birds varies considerably among species 
and suggested that subspecies designations in ornithology be re-evaluated on a  case-by- 
case basis.
Such work has already begun, with varying results. Shields and W ilson ( 1987b) 
studied five subspecies of the Canada Goose {Branta canadensis) and found that each 
could be differentiated from the others by mtDNA. Divergence among the haplotypes 
was minimal, but nevertheless this is one of the few instances in which the genetic data 
is in complete agreement with subspecies designations. Zink and Dittmann ( 1993) and 
Ball et al. ( 1988) found mtDNA differentiation to be inconsistent with subspecies 
designations o f  Chipping Sparrows {Spizella passerina) and Red-winged Blackbirds 
{Agelaius phoeniceus), respectively. Degnan and Moritz (1992) and Seutin et al. ( 1993) 
found, in respective studies of White-eyes {Zosterops lateralis) and Streaked Saltators 
{Saltator albicollis), that some subspecies showed marked mtDNA differentiation, while
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
others showed little, if any. The latter results parallel what has been documented here in 
the Mountain Chickadee.
Although five subspecies o f the Mountain Chickadee were analyzed, only two 
distinct clusters o f populations were found. This suggests that populations o f this 
species may have been taxonomically overspliL The degree o f divergence between the 
eastern and western haplotypes is relatively high for avian conspecifics, indicating that 
the two groups have been separated for a  long period o f time, so distinguishing them as 
separate subspecies is probably warranted. On the other hand, the subspecies nested 
within these larger geographic regions show no appreciable divergence, and their status 
as distinct subspecies is debatable. Of course, a lack of variation in the limited portion 
o f the genome used here does not mean that no differentiation has occurred. However, 
the data are worth considering, especially since the morphological characters used to 
define the subspecies are not always satisfactory. Behle (1956) admitted that only four 
of the subspecies are well differentiated in morphology: gambeli, abbreviatus, atratus, 
and inyoensis. Morphological data places gambeli close to grinelli, abbreviatus close to 
baileyi, and inyoensis close to wasatchensis. MtDNA data support the grouping of 
abbreviatus and baileyi and the grouping of inyoensis and wasatchensis but do not 
provide evidence of a  separation between gambeli and the inyoensis-wasatchensis 
group.
Further investigation of the intraspecific taxonomy would require samples of atratus 
and grinelli and perhaps more extensive sampling o f abbreviatus and gambeli. The 
atratus populations of Baja are either the result of a  colonization event o r the remnants of 
a  once more widespread distribution of the species. In either case, given its proximity 
to the baileyi populations o f southern California, one could postulate that atratus would 
cluster closely with abbreviatus and baileyi. The genetics of grinelli would be 
particularly interesting since it occurs north o f the Great Basin where vast stretches of 
boreal habitat would seem conducive to the mixing o f eastern and western populations.
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Even without these additional data, it appears that the intraspecific taxonomy o f the 
Mountain Chickadee needs a certain amount of revision. For now, it may be best to 
focus instead on the historical biogeography of the species.
Biogeographic Conclusions
Previous work in avian biogeography in the Great Basin has been largely 
descriptive. Patterns of species richness and diversity have been dutifully outlined by 
Johnson ( 1975), Behle ( 1978), and Brown ( 1978). Boreal species have been of 
particular interest because o f their discontinuous distribution in this region. An 
intriguing question regarding these birds has been whether the mountain populations 
represent recent colonists from either the Sierra-Nevada or Rocky Mountains o r relictual 
populations that have survived as their once widespread habitat retreated to the 
mountaintops in response to climate change. Work by Johnson ( 1975) suggests that 
either o f these alternatives may be plausible, depending on the habits and relative 
vagility o f the species in question.
With regard to the Mountain Chickadee, the hypothesis of relief lal survival is more 
plausible. The species is highly sedentary and strongly dependent on coniferc us forest, 
making it unlikely that individuals would, or could, cross wide valleys o f inhospitable 
habitat The mtDNA data do not eliminate the possibility of this type of dispersal, but if 
it is occurring, it is apparently unidirectional, from the Rocky Mountains westward into 
the Great Basin and not from the Sierra-Nevada eastward. If the mountain populations 
are truly isolated relicts, they must have had a much more recent connection to the 
Rockies than to the Sierra-Nevada, since no divergence was detected between the Rocky 
Mountain and Great Basin individuals.
Since only a  small portion o f the genome was analyzed, it is not clear whether the 
haplotypes o f the Great Basin, Rocky Mountains, and Arizona are actually identical or 
just highly similar. If the haplotypes are in fact identical across this broad geographic
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area, it may indicate that the effective population size of females (Nf(e)) was small a 
short time ago and that the populations have only recently expanded. If, on the other 
hand, there is some hidden variation among these birds, the small Nf(e) may have been 
much less recent, allowing time for mutations to accumulate in populations in different 
areas. Therefore, choosing with certainty between the hypotheses of relictual survival 
and recent colonization would require additional data. RFLP analysis of a greater 
portion of the mitochondrial genome or direct sequencing of the DNA may be useful in 
this regard and would be the next logical step for future research into this question.
The relevance o f these data to Wells’ (1983) theory of paleobiogeography in the 
Great Basin cannot be overlooked. According to Wells, the montane islands of the 
Great Basin are biologically more similar to the Rocky Mountains than to the Sierra- 
Nevada. The Mountain Chickadee data not only support this contention but also add 
new dimensions to it. W ells’ conclusions were based on studies o f plants, whereas this 
study uses animals. The fact that the trend is the same for both plants and animals 
strengthens the model because it suggests that entire biotas have responded congruently 
to past geological and climatic changes. Also, Wells’ approach was d ifferent He 
compared the species composition o f  the Great Basin islands with that o f  the Sierra- 
Nevada and Rockies and based his conclusion on the fact that most species in the Great 
Basin were also present in the Rockies but absent from the Sierra-Nevada. The 
Mountain Chickadee, in contrast, is distributed across all of these areas and beyond, and 
the pattern can only be seen through its genetics. Thus, a  species does not have to be 
restricted to only one of the Great Basin’s source pools in order to support the geologic 
history that Wells has proposed for the Great Basin.
The pattern o f genetic divergence in the Mountain Chickadee can be explained by the 
topography of the Great Basin (Figure 4). East of the Sierra-Nevada Range is a long 
wide trough that extends from southeastern Oregon and northwestern Nevada 
southeastward to the Mohave D esert Adjacent to this trough are several low mountains
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Figure 4. M ap showing the topography o f the Great Basin. The solid line represents the 
1525-m elevational contour. Elevations above 2135 m are shaded black. Map taken from 
Thompson (1990).
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and additional basins. Together these features produce a  considerable lowland gap that 
separates the Sierra-Nevada Range from the high ranges of the west-central Great 
Basin, such as the Toiyabes. In contrast, the area west o f the Rockies is more 
mountainous; the valleys between the mountains are small and less deep, and there may 
be enough wooded area to provide entry into the Great Basin from the northeast or 
southeast (Wells 1983). Chickadees may be able to use patches of suitable habitat as 
stepping stones into the Great Basin; this would not be possible from the Sierra- 
Nevada. Even if chickadees are not currently moving in from the Rockies, the 
topography is such that Great Basin populations were probably more recently connected 
to the Rockies than to the Sierra-Nevada.
The degree o f divergence between Sierra-Nevada and Great Basin/Rocky Moimtain 
haplotypes suggests that the two sets o f populations have been isolated from each other 
for a  long period o f time. Shields and Wilson (1987a) estimated the rate o f  mtDNA 
sequence divergence in geese to be 2% per million years, the same estimate given for 
mammals. If this rate is characteristic of birds in general, then the 3.0%  divergence 
between haplotypes 1 and III suggests a historical separation of approximately 1.5 
million years.
Using the paradigm o f Avise et al. (1987), Mountain Chickadees would be classified 
as Category I; there is phylogenetic discontinuity in the mtDNA, and it is geographically 
partitioned. Such a  pattern can result from long-term, extrinsic barriers to gene flow or 
from the extinction of intermediate genotypes in a  widespread species with limited 
ability for dispersal. The form er explanation probably applies to the Mountain 
Chickadee. Avise et al. ( 1987) cite Category I as being the most com m on o f all possible 
outcomes. This may be true as a  general rule, but there are many birds that do not fall 
into this category, e.g. Red-winged Blackbirds (Ball et al. 1988) and Chipping 
Sparrows (Zink and Dittmann 1993). Perhaps this can be attributed to  the greater 
vagility of so many bird species, which can mix divergent haplotypes and maintain
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conünuity among populations. Some of the more vagile Great Basin species might not 
show the sharp break between Sierra-Nevada and Great Basin populations, but such 
research has yet to be done.
Final Remarks and Summary
MtDNA has proven itself to be an effective tool in helping to make the science of 
biogeography more analytical, and less reliant on description and narration. It may also 
play a role in developing a  synthesis between the historical and ecological approaches to 
biogeography. In this study in particular, mtDNA analysis o f the Mountain Chickadee 
has helped forge an understanding of how the ecology and behavior o f a species 
interacts with historical processes to produce regional patterns of geographic variation.
MtDNA is also a  useful tool for taxonomy. The genetic distinctness o f  currently 
recognized subspecies can be tested through mtDNA analysis. Knowledge o f the 
geographic placement of divergent haplotypes may prove useful in assigning subspecific 
epithets within a  species. MtDNA thus has the potential to make taxonomy more 
consistent with biogeographic processes and the patterns they produce.
A sharp discontinuity in the mtDNA of Mountain Chickadees occurs between Sierra- 
Nevada and Great Basin populations. The magnitude o f differentiation is larger than 
what is commonly reported for birds. This may be due to the sedentary nature of this 
species relative to many others. The pattern o f variation is not wholly consistent with 
the subspecific taxonomy. Among five sampled subspecies, only two highly distinct 
haplotypes were found. The results support W ells’ model of paleobiogeography linking 
the biota o f the Great Basin and Rocky Mountains and offer new insights into avian 
biogeography in this region.
Additional research could enhance these results. More widespread sampling of 
P. gambeli would broaden the understanding o f the species’ historical population 
structure and could offer new insights into the mechanisms responsible for producing
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the patterns described here. Direct sequencing of DNA could be used to corroborate the 
estimates of percent divergence. Lastly, in-depth analyses o f  other species o f Pams 
could be used to develop a  comprehensive understanding o f microevoiutionary 
processes in an ecologically well-studied group of birds.
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